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Abstract As a catastrophic earthquake is unpredictable and occurs only occasionally, impacts on
biotic communities are seldom known. Monthly changes in insect communities in the mangroves
along the Danshui Estuary were monitored for more than 3 years from before and after two cata-
strophic earthquakes in Taiwan the Chi–Chi earthquake (ML = 7.3) of September 21, 1999 and the
3 – 31 earthquake (ML = 6.8) of March 31, 2002. Here we show that the Chi–Chi earthquake not
only caused large declines in total individual number but also total species number of insects. It also
resulted in greater variability among samples, and shifts in insect communities. Non-biting midges
and rove beetles, whose immatures inhabited the riparian underground or aquatic sediments, were
most severely aﬀected. By 7 months after the Chi–Chi earthquake, the insect communities had
recovered to a level comparable to that before the earthquake. However, the inﬂuence of the 3 – 31
earthquake on the insect communities was less severe. It is concluded that the more-severe impacts of
the Chi–Chi earthquake than the 3 – 31 earthquake can be attributable to diﬀerences in ground
shaking, occurrence time, biodiversity, and growing conditions of insects at those times.
Introduction
The extent to which biotic communities are aﬀected by natural catastrophes has
long been of ecological and biogeographic interest (Sousa 1984; Brown and
Lomolino 1998; Spiller et al. 1998; Vandermer 2000). As a catastrophic earth-
quake is unpredictable and of low frequency, monitoring studies of communities
before an earthquake and the immediate responses are often absent. Hence,
knowledge of impacts of earthquakes on communities is very limited and little
documented (Wells et al. 2001; Castilla 1988; Fang et al. 2002).
Coastal wetlands are regarded as being among the most productive eco-
systems because of the tremendous volumes and varieties of inhabiting plants
(Teal 1962). Plants have been shown to correlate with large numbers of insects
in wetlands (Lin et al. 2003). Long-term changes in the insect communities were
monitored monthly in the mangroves along the estuary of Danshui River in the
Taipei basin of northern Taiwan for more than 3 years from April 1999 to
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August 2002. During the study period, two catastrophic earthquakes hit Taiwan.
The Chi–Chi earthquake, rated 7.3 on the Richter scale (ML = 7.3), occurred in
central Taiwan (23  85¢ N, 120  78¢ E) on 21 September 1999 with its epicenter
identiﬁed at a distance of 155 km from the study sites. Peak horizontal accel-
erations of 70 – 116 gal were recorded in the Danshui Estuary. The 3 – 31
earthquake, rated 6.8 on the Richter scale (ML = 6.8), occurred in the sea oﬀ
northeastern Taiwan (24  24¢ N, 122  17¢ E) on 31March 2002 with its epicenter
located 132 km from the study sites. Peak horizontal accelerations of 43 – 63
gal were recorded in the estuary. There were 2413 and 5 human fatalities in the
Chi–Chi and 3 – 31 earthquakes, respectively. These long-term observations
before and after catastrophic earthquakes provide an opportunity to examine
repeatedly their impacts on insect communities in the estuarine mangroves.
Community-level conservation approaches have been suggested for non-
charismatic, little-known taxa like insects (Hughes et al. 2000). Herein this
study focused on: (1) the immediate impacts of two catastrophic earthquakes
on insect communities; (2) the species which were most aﬀected; (3) the
recovery time of the aﬀected communities; and (4) diﬀerences in the impacts
caused by the two earthquakes.
Materials and methods
Study site and sampling
Mangroves, composed of homogeneous forests of Kandelia candel, line the
Danshui Estuary of subtropical northern Taiwan. Insects in three mangrove
forests, Bali (25  10¢ N, 121  25¢ E), Chuwei (25  09¢ N, 121  27¢ E), and
Guandu (25  07¢ N, 121  28¢ E) were collected monthly (Figure 1). The areas
of the mangrove forests are 12 ha in Bali, 24 ha in Guandu, and 50 ha in
Chuwei. Mean air temperature ranged from 15.2 C in February to 28.9 C in
July with an annual rainfall of 2600 mm. These forests are subjected to a
semidiurnal tidal regime with a tidal amplitude of about 1 – 2 m. Salinities of
the overlying waters ranged from 7 to 12 psu at low tide and might reach
25 psu at high tide.
Abiotic variables of sediment, including pH, grain size, silt/clay content,
sorting coeﬃcient of sediment, total organic content (TOC), and total nitrogen
(TN) immediately before the Chi–Chi earthquake were available from the
Guandu mangroves collected on July 15, 1999 (Lin et al. 2003). For compari-
sons, sediment samples were collected from the same site on September 29, 1999
immediately after the earthquake. For the collection of sediment, PVC corers
with an inner diameter of 2.6 cm were pushed 2 cm deep into the sediment. One
of the 2 sediment samples collected was used for analysis of granulometry, while
the other was refrigerated and used for analysis of organic content. Granul-
ometry of the sediment was determined following Buchanan and Kain (1971)
and Hsieh (1995). The TOC content of the sediment, expressed as percent dry
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weight, was measured by adding 1 N HCl to remove inorganic carbon. The TOC
and TN contents were then measured using an elemental analyzer (Perkin Elmer
EA 2400 Series II).
Light traps and sticky paper were used for insect collection. A light trap was
composed of an 8-W ultraviolet light-tube, a 12-V storage battery, and a water
container measuring 18 cm · 28 cm · 10 cm (width · length · depth). Within
the container, 500 ml of a 1% sodium dodecyl sulfate solution was added for
trapping insects. Sticky paper surrounded the light trap would catch those
insects which landed around the light trap instead of dropping into the solu-
tion. Each light trap was supported on a wooden stand. These stands were 4 m
high in the mangroves. Hence, the light traps would stand taller than the
mangroves and above sea level at high tide. These UV light traps at 320 –
340 nm were set for a period of 12 h from dusk of the ﬁrst day to dawn of the
Figure 1. Locations of three study mangroves of Bali, Chuwei, and Guandu along the Danshui
Estuary in northern Taiwan. q Epicenter of the Chi–Chi earthquake, q Epicenter of the 3 – 31
earthquake.
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following day to collect insects. Collected insects were preserved in 75%
alcohol for enumeration and identiﬁcation in the laboratory.
Data analyses
Diﬀerences in abiotic variables of sediment between two times (July 15 and
September 29, 1999) were detected using t tests. Before the analyses, the data
were tested by the power transformations for normality and homogeneity of
variance assumptions (Clarke and Warwick 1994). In order to reveal changes
in insect communities caused by the earthquakes, monthly abundance data for
each species at each site for more than 3 years were studied using multivariate
analyses in the PRIMER (vers. 5.2) computer package (Clarke and Gorley
2001). Prior to multivariate analyses, abundance data were log10(n + 1)-
transformed. The Bray–Curtis coeﬃcient was applied to produce a similarity
matrix between any two samples according to the relative abundance of each
species. The data matrix was classiﬁed by hierarchical agglomerative clustering
using the unweighted pair group mean arithmetic (UPGMA) linking method
and was then ordinated using non-metric multidimensional scaling (MDS)
techniques. Stress values <0.2 indicate that a 2-dimensional MDS plot gives a
usable summary of sample relationships (Clarke and Warwick 1994).
The ANOSIM test (analysis of similarities) was used to determine whether
site or year-to-year eﬀects on the insect communities were signiﬁcant by
comparing the observed statistics to their permutation distributions for the
absence of diﬀerences. ANOSIM is a non-parametric analog of MANOVA
(multivariate analysis of variance) without the assumption of multivariate
normality. If the results indicated signiﬁcance at the 0.05 probability level, both
pairwise R values and the Bonferroni correction for the signiﬁcance level were
used to determine which levels diﬀer. Insect communities were well separated
when R >0.75, overlapped but clearly diﬀerent when R >0.50, and barely
separable at all when R <0.25. The SIMPER (similarity of percentages)
analysis was employed to reveal the most-representative species for each insect
community within a site or a year. Warwick and Clarke (1993) found that the
variability among samples collected from stressed areas is generally much
greater than that from control sites. Hence, the MVDISP (multivariate dis-
persion) analysis was then used to measure the variability of insect commu-
nities among samples from the three study sites after the two earthquakes.
Results
Abiotic variables
There were no distinct diﬀerences in abiotic variables of sediment immediately
before and after the Chi–Chi earthquake in the Guandu mangroves (Table 1).
432
TheGuandumangroves had silt sediments. Silt/clay content of sediment tends to
be lower after the Chi–Chi earthquake (p = 0.06). However, diﬀerences in grain
size and sorting coeﬃcient could not be shown to be statistically signiﬁcant.
Abundance changes
Approximately 300 insect species belonging to 104 families and 18 orders were
collected at the three study sites during the 41-month study. Generally, at all
three study sites, total individual number (Figure 2) and total species number
(Figure 3) of insects per eﬀort showed a clear bimodal seasonal pattern with
one peak in April (spring) and a second peak in August (summer). Total
individual numbers at the three study sites in September 1999 immediately after
the Chi–Chi earthquake declined by 90% as compared to those in September
of 2000, whereas species number declined by 75%. However, impacts of three
typhoons (the Bilis typhoon, the Xangsane typhoon, and the Nari typhoon) on
the species number and the total individual number were relatively minor as
compared those of the Chi–Chi earthquake. There was only a small decrease in
total individual number of insects immediately after the 3 – 31 earthquake
(Figure 2). The total species number appears not to be aﬀected by the 3 – 31
earthquake (Figure 3).
Community changes
The insect communities collected before the Chi–Chi earthquake at all three
study sites were barely separable at all (ANOSIM test, R <0.25, p >0.05,
Figure 4a). However, insect communities from 1999 of the Chi–Chi earthquake
could be separated from those collected in 2000, 2001 and 2002 (ANOSIM test,
R >0.50, p <0.01, Figure 4b). The variability of insect communities among
samples from the three study sites was found to increase immediately after the
Chi–Chi earthquake (MVDISP analyses, Figure 5). Community similarities
(30 – 40%), including insect community samples in September 1999 just after
the Chi–Chi earthquake, decreased when compared to other month-pairs
Table 1. Abiotic variables in sediments (mean ± SE, n = 4) of the Guandu mangroves recorded
before and after the Chi–Chi earthquake of 21 September 1999.
Variable Before (15 July
1999, Lin et al. 2003)
After (29
September 1999)
t-test (p value)
Grain size (mm) 0.020±0.001 0.030±0.008 0.27
Silt/clay content (%) 83.8±1.2 65.9±7.8 0.06
Sorting coeﬃcient 1.78±0.15 2.48±0.36 0.13
TOC (%) 2.07±0.24 2.11±0.10 0.89
TN (%) 0.18±0.03 0.16±0.01 0.49
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(55 – 65%). Shifts in species composition could be attributed to large decreases
in individual numbers of non-biting midges and rove beetles (SIMPER anal-
yses). The primary species of non-biting midges were Tanytarsas formosanus,
Cricotopus (Isocladius) sylvestris, Microchironomus tener, Harnischia curtila-
mellata, and Polypedilum nubifer. The primary species of rove beetles were
possibly Trogophloeus spp.
Generally, the insect communities in the mangroves of the Danshui Estuary
can be classiﬁed into a winter group (from November to February, Figure 6)
and a summer group (from March to October, Figure 6). However, insect
communities had been shifted in September 1999 after the Chi–Chi earthquake
from the summer group to the winter group and remained so for 7 months
until April 2000 (MDS ordination, Figure 7a) as compared to the gradation of
insect communities from April 2000 to April 2001 (MDS ordination, Fig-
ure 7b). This suggests a rapid recovery time of 7 months after the impacts of
the Chi–Chi earthquake. Despite the increase in the variability among samples
(Figure 5), no clear shifts in insect communities occurred in April 2002 just
after the 3 – 31 earthquake (Figure 7c) as occurred after the Chi–Chi earth-
quake (Figure 7a).
Discussion
Biotic communities are characterized by continuous changes in species compo-
sition in response to various biotic and abiotic factors over time (Greene and
Figure 2. Seasonal pattern of total individual numbers of insects per eﬀort in the mangroves of
Bali, Chuwei, and Guandu along the Danshui Estuary. (1. the Chi–Chi earthquake; 2. the Bilis
typhoon; 3. the Xangsane typhoon; 4. the Nari typhoon, no data available; 5. the 3 – 31 earth-
quake).
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Schoener 1982). The damage resulting from an earthquake is inﬂuenced in a
number of ways by the characteristics of the soil in the aﬀected area. In addition
to ground shaking, the Chi–Chi earthquake has been reported to induce soil
liquefaction in central Taiwan (Wen and Ray 2001). Hengesh and Bachhuber
(1996) indicated that the spatial distributions of ampliﬁed ground-shaking
intensity and the occurrence of liquefaction are not random, but generally are
restricted to alluvial basins that contain thick deposits of low-strength clay
(ampliﬁed shaking), or shallow layers of low-density, saturated, granular sedi-
ments (liquefaction). Mangroves in the Danshui Estuary of the Taipei basin are,
thus, susceptible to both of these hazards (Teng and Liao 2000; Chien and Loh
2002). It is conceivable that the shifts in the insect communities in 1999 could be
linked to ground shaking and/or soil liquefaction from the Chi–Chi earthquake.
However, soil characteristics of the Guandu mangroves show little evidence
of induction of soil liquefaction by the Chi–Chi earthquake. Wen and Ray
(2001) found that the most important factor for soil liquefaction susceptibility
during earthquakes is uniformed size distribution of deposits, which can be
indexed by the sorting coeﬃcient. They indicated that the mean grain size for
soil liquefaction susceptibility is about 0.15 mm, ﬁne sand sediments. However,
the Guandu mangroves had silt sediments with a mean grain size of 0.02 mm
(Table 1). Based on the equation suggested by Wen and Ray (2001), the
threshold of sorting coeﬃcient for soil liquefaction susceptibility during an
earthquake at the magnitude of the Chi–Chi earthquake (70 – 116 gal) is about
1.34. The higher mean sorting coeﬃcient of 1.78 in the Guandu mangroves
Figure 3. Seasonal pattern of total species numbers of insects per eﬀort in the mangroves of Bali,
Chuwei, and Guandu along the Danshui Estuary (1. the Chi–Chi earthquake; 2. the Bilis typhoon;
3. the Xangsane typhoon; 4. the Nari typhoon, no data available; 5. the 3 – 31 earthquake).
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suggests that the sediments were poorly sorted and the induction of soil liq-
uefaction was unlikely.
Ground shaking would be much larger at sites located on the soft layers of
alluvial basins. Huang (2004) demonstrated that the Taipei basin ampliﬁed the
seismic waves of the Chi–Chi earthquake and the 3 – 31 earthquake by factors of
4.0 – 9.5 at frequencies of 0.6 – 0.8 Hz (1.0 – 1.7 s periods), with the largest
ampliﬁcation being at lower frequencies. The strongest shaking lasted much
longer on the Taipei basin than at the surrounding bedrock areas. It is clear that
the Taipei basin increases low frequency shaking during the two earthquakes.
Deposits of loose granular soils might be compacted by ground vibrations in-
duced by earthquakes, resulting in large and diﬀerential settlement of the ground
surface (Seed and Idriss 1982). The process of the shaking eﬀects and the mo-
tions of soil cause the destruction of soil structure, which may disturb under-
ground or soil surface organisms. However, there were no distinct changes in soil
structure of the Guandu mangroves immediately after the Chi–Chi earthquake,
although silt/clay content of sediment tends to be lower (Table 1). This suggests
that soil in the mangroves enriched with water suﬀered less structure damage,
but might experience more pressure wave during earthquakes. It is more likely
Figure 4. Two-dimensional MDS ordination of insect communities collected from April 1999 to
August 2002 using Bray–Curtis similarities on log-transformed abundance for: (a) three study sites:
Bali, Chuwei, and Guandu; (b) four study periods: 1999, April 1999 to March 2000; 2000, April
2000 to March 2001; 2001, April 2001 to March 2002; and 2002, April 2002 to August 2002
(stress=0.14).
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that the individual number and species number of rove beetles and non-biting
midges, whose immatures inhabited the riparian underground or aquatic sedi-
ments, were drastically reduced due to pressure wave right after a catastrophic
earthquake. The mechanism needs to be further examined.
However, our results showed that a catastrophic earthquake does not nec-
essarily exert a severe impact on the abundance and structure of insect com-
munities. Changes in communities caused by any force vary from negligible to
extreme, depending on the intensity of the force and the vulnerability of the
target organisms (Sousa 1984). Therefore, the cause of the more-severe impacts
on insect communities by the Chi–Chi earthquake might be the stronger
intensity, longer duration, and higher frequency of ground shaking (Huang
2004). In the Chi–Chi earthquake, the maximum ground acceleration reached a
value of 116 gal; the duration of strong shaking lasted more than 1 min; and
the motion continued with 76 aftershocks with magnitudes exceeding 5.0 ML,
including 8 with magnitudes exceeding 6.0 ML. In contrast, for the 3 – 31
earthquake, the recorded maximum ground acceleration reached 63 gal with 7
aftershocks having magnitude exceeding 5.0 ML, among which none exceeded
a magnitude of 6.0 ML.
The second possibility for the cause of the more-severe impacts on insect
communities by the Chi–Chi earthquake is the diﬀerent occurrence time be-
tween the two earthquakes. Earthquake occurred at diﬀerent time might have
diﬀerent impacts on insect communities. Our 41-month observations showed
Figure 5. MVDISP analyses of the relative dispersion of insect communities among samples
collected at Bali, Chuwei, and Guandu along the Danshui Estuary (1. the Chi–Chi earthquake; 2.
the Bilis typhoon; 3. the Xangsane typhoon; 4. the Nari typhoon, no data available; 5. the 3 – 31
earthquake).
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that the insect growing seasons of the Danshui Estuary occurred in spring and
summer. For example, rove beetles and non-biting midges are the dominant
insects in the mangroves. The eggs are laid in a mass on the surface of the water
which is usually attached to the edge of the river or twigs in contact with the
water (authors’ personal observations). The eggs usually hatch in 2 – 3 days.
On the second or third day after hatching, the larvae leave the mass, burrow
into the mud to build small tubes in which they live. The larval stage can last
7 – 9 days. The larvae transform into pupae while still in the tubes. The pupal
stage normally lasts 2 – 5 days. The pupae leave the tube and actively swim to
the surface a few hours before the adult emerges. The adults which emerge
mate during swarming at night. The adults do not feed during their adult
existence and only live for 3 – 5 days. The entire life cycles can be completed in
15 – 20 days, depending on temperature. The adult emergence begins in March
and shows a clear bimodal seasonal pattern with one peak in April and a
second peak in August (Figure 2). With the Chi–Chi earthquake occurring at
the end of summer with slowed insect growth and the 3 – 31 earthquake
occurring in spring when insects were actively growing and the biodiversity was
high, it is likely that the greater biological potential and biodiversity of spring
insects would fuel a speedier and stronger bounce back and made the impacts
of the 3 – 31 earthquake hardly to detect.
The third possibility is the higher air temperature when the 3 – 31 earthquake
occurred. The occurrence and development of insects are related to ambient
temperatures. Mean monthly air temperatures in April of 2002 immediately after
Figure 6. Dendrogram for hierarchical clustering of monthly insect communities, using group-
average linking of Bray–Curtis similarities calculated on log-transformed abundance data.
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Figure 7. Two-dimensional MDS ordination of shifts of insect communities (a) from April 1999
to April 2000 (stress = 0.04), (b) from April 2000 to April 2001 (stress=0.03), and (c) from April
2001 to April 2002 (data on September 2001 were not available due to the Nari typhoon,
stress=0.04) in the mangroves along the Danshui Estuary. The two classiﬁed groups, the summer
group and the winter group, are indicated for each period.
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the 3 – 31 earthquake were 1.5 – 1.9 C higher than those in April 2001 (Clima-
tological Data Annual Report, Central Weather Bureau). Consequently, the
earlier occurrence and development of insects in March of 2002 might have
lessened the impacts of the 3 – 31 earthquake on the insect communities.
We concluded that the more-severe impacts on insect communities by the
Chi–Chi earthquake can be attributable to diﬀerences in ground shaking, time
of the quake, and the biodiversity and the growing conditions of insects at that
time. The immediate impacts of a catastrophic earthquake may result in large
declines in total individual number and species number of insects, greater
variability among samples, and shifts in insect communities. However, our
results showed that the high fecundity and short turnover time of insects led to
a rather rapid recovery time of 7 months after the impacts of a catastrophic
earthquake. It appears that impacts of a catastrophic earthquake on insect
communities might be negligible in the long term. However, after the Chi–Chi
earthquake, four midge species have vanished from the study sites, including
Limnophyes minimus, Polypedilum convictum, Polypedilum sp., and Cricotopus
sp. The Chi–Chi earthquake may have caused some rare species, which are very
sensitive to environmental changes, to disappear. Disappearance of rare species
is often undetectable and may result in some underestimation of the inﬂuence
of a catastrophic earthquake.
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